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Abstract: Communities, utilities, and watershed organizations have multiple goals for water resource
management; these include meeting regulatory requirements but may extend to economic, supply,
siting, recreation, and other goals. The Watershed Management Optimization Support Tool, WMOST,
allows stakeholders to identify the most cost effective suite of management options across
stormwater, drinking water, wastewater, and land conservation programs that will meet their identified
goals and constraints. Instructions to guide the user through data entry, selection of potential
management practices and constraints, optimization, and display of results are embedded in a
Microsoft ® Excel spreadsheet. WMOST reads in baseline hydrology (runoff, recharge) and pollutant
(N, P, TSS, Zn) load time series from common watershed models (e.g., HSPF, SWAT), then
calculates managed time series for different best management practices of interest via linkage with
EPA’s SUSTAIN tool. Optimization is accomplished using the online service, NEOS. The results are
then summarized in graphs and tables that show both the optimal types of various management
practices and their implementation magnitude and costs. WMOST v3 is being used by the Maryland
Department of Environment to determine the most cost-effective suite of stormwater best
management practices to implement within a highly urbanized watershed (the Cabin John Creek in
Montgomery County) to meet both Chesapeake Bay TMDL targets for nitrogen, phosphorus, and
suspended sediment, as well as local sediment TMDL goals, while trying to maximize beneficial
impacts to watershed hydraulics.
Keywords: optimization; integrated water management; decision support
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INTRODUCTION

Integrated water resources management (IWRM) has been promoted by multiple organizations both
within the United States (US) and globally (AWRA, 2012; NACWA, 2013; UNEP-DHI, 2009). The
Global Water Partnership defines IWRM as “a process which promotes the coordinated development
and management of water, land and related resources, in order to maximize the resultant economic
and social welfare in an equitable manner without compromising the sustainability of vital ecosystems”
(UNEP-DHI, 2009). In practice, IWRM requires a systems-based approach, with collaboration across
multiple programs, to find cost-effective and sustainable solutions.
There are relatively few decision-support systems available to guide stakeholders through an IWRM
process, and most of these are commercial applications (Vogel et al., 2015). The US Environmental
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Protection Agency (US EPA) has developed the Watershed Management Optimization Support Tool
(WMOST) as a free, user-friendly decision support tool to facilitate cost-effective integration of
management solutions across stormwater, wastewater, drinking water, and land conservation
programs. WMOST performs single-objective least-cost optimization based on management decision
variables and water quantity and quality constraints. Version 3 was released recently, expanding
earlier versions that focused on water quantity with new modules focused on water quality and
combined sewer overflow management decisions (US EPA 2018a,b,c; https://www.epa.gov/exposureassessment-models/wmost).

2

IMPLEMENTATION

2.1

Architecture

The user interface for WMOST was developed in a Microsoft ® Excel spreadsheet (Excel 2016 for
WMOST v3, Figure 1), with embedded instructions to guide the user through data entry/import,
selection of management options to consider, and specification of constraints. In addition, there is an
in-depth user guide and theoretical documentation report (US EPA 2018a,b). User inputs are
processed macros created using Visual Basic for Applications (VBA) code to create input files for
optimization programs coded in A Mathematical Programming Language (AMPL). Optimization input
files are then uploaded by the user to the Network Enabled Optimization System (NEOS) online
server (https://neos-server.org/neos, Czyzyk et al., 1998) which provides free access to nonlinear and
mixed integer solvers (among others). Results files from the NEOS server are returned to the user

Figure 1. Main page of WMOST v3 with buttons/macros leading user to input screen, optimization
routine, and processing of results.
from NEOS and imported back into WMOST for processing. The results module in WMOST creates a
summary table with selected management options, costs, and utility revenues; an advanced results
table with time series and mass balance checks for QA/QC purposes; calibration table with
performance statistics; and time series graphs of measured versus target flows, concentrations or
loads (Figure 2).

2.2

Watershed model
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WMOST tracks water and pollutant (N, P, TSS, Zn) flows among both natural and anthropogenic
watershed components at either a daily or monthly time step (Figure 3). WMOST is designed for
analysis of units at a Hydrologic Unit (HUC)12 to HUC10 scale (i.e., 4,046 – 101,171 ha), which can
constitute either a complete watershed or a portion of a larger watershed with user-specified inputs
and outputs. WMOST is based on a spatially lumped model with runoff and recharge distributed
among hydrologic response units (HRUs), areas with similar land-use and soils characteristics. The
user must provide baseline (“unmanaged”) time series for unit runoff, recharge, loads, and
precipitation for each HRU. WMOST models a single stream/river channel with an optional single
reservoir at the base of the watershed. Lakes can either be represented as part of an open water
HRU or as a reservoir which can be used for drinking water supply. Anthropogenic features include
existing or proposed infrastructure for stormwater control measures, riparian buffers, and agricultural
best management practices, drinking water and/or wastewater utilities with either single sanitary and
storm sewers or combined sewers, potable and nonpotable distribution systems, septic tanks, point
sources, water reuse facilities, aquifer storage and recovery (ASR) facilities, and interbasin transfers
of drinking and/or wastewater.

Figure 2. Information sources and flows to and from WMOST v3.
2.3

Modules

After pressing the “Proceed to Input Data” button, the user is guided through a series of input data
screens (Figure 1):
 Baseline Hydrology Module – The user has a choice to either import baseline hydrology
and loading (unit runoff and recharge, precipitation) time series for each HRU through an
automated process or to manually enter (or cut-and-paste) data.
 Stormwater Hydrology Module
o Stormwater Tables Time series data - The user opts to either enter managed HRU time series
manually or, if the Baseline Hydrology Module was used, to automatically
populate these fields via the Stormwater Hydrology Module. The user selects
stormwater BMPs from a drop-down list and a stormwater design depth.
WMOST provides default first order loss rates which can be replaced by the
user if desired. Other parameters are required for the agricultural BMPs
represented (subsurface or surface constructed wetland, sediment basin,
vegetative filter strip). The user presses a button to initiate the macro that
generates input files for EPA’s System for Urban Stormwater Treatment and
Analysis (SUSTAIN) tool (US EPA, 2014) and then runs SUSTAIN behind the
scenes and populates WMOST’s managed HRU time series page.
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Figure 3. Natural and anthropogenic watershed components represented in WMOST v3.
Land Use – Here the user can specify the minimum and maximum area of
each HRU that could be treated by each BMP and override the default unit
capital and operation and maintenance (O&M) costs for each BMP if desired.
Water Quality BMPs – Here the user can specify removal rates and costs associated
with streambank restoration/stabilization, outfall enhancement or stabilization, or
nonstructural practices (street sweeping, tree canopy, urban nutrient management),
modeled as % direct reduction load BMPs.


o

Riparian Buffers – Here the user can specify constraints on conversions for riparian
buffers (restoration or conservation) for up to five relative load groups, load
adjustment efficiencies, and costs. (A relative load group has similar loadings from
upgradient land uses.)
 Water Use and Demand Management – The user can enter time series for water demand
by user group, percent consumptive use, and percent nonpotable use. Demand management
options include both price adjustments and incentives for water conservation. Public water
customers with septic systems are partitioned between those discharging inside and outside
of the study area. Costs and efficiencies of enhanced septic systems can be specified if
desired.
o Potable Demand
o Nonpotable Demand
o Demand Management
o Septic and Sewer Systems
 Water Supply Sources and Infrastructure
o Surface Water and System Targets – The user can specify reservoir capacity and
costs, time series for withdrawals and non-WWTP point source discharges to the
stream/river reach or reservoir, and targets for stream flow, concentration, or loading.
o Groundwater – The user can specify initial and maximum aquifer storage and time
series for withdrawals and non-WWTP/non-septic point source discharges to
groundwater.
o Interbasin Transfer
o
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Infrastructure – The user must specify a planning horizon and interest rate to allow
calculation of annualized costs, as well as capital and O&M costs associated with
infrastructure replacement, upgrades and repair. Specific management components
can be excluded if desired.
 Combined Sewer Overflow – The user can specify a target for the maximum number of
CSO events, system hydraulic capacity, and costs for offline storage or sewer separation.
 Flood Module – The user can enter a cost curve associated with different flood recurrence
intervals
based
on
output
generated
using
FEMA’s
HAZUS
tool
(https://www.fema.gov/hazus/) or other sources.
 Measured Data – The user can add time series for streamflow and concentrations or loads
for use in calibration.
o

2.4

Optimization

Once the user has provided baseline time series, generated or input managed time series, specified
parameters and costs for management options (decision variables), and defined the constraints for
water quantity and/or water quality, the user presses the “Optimize” button which triggers the
generation of optimization solver input files. The user uploads these files to the NEOS online server
and then loads the results files from NEOS back into WMOST. The user can choose between two
nonlinear solver options in the Basic Open-source Nonlinear Mixed INteger programming (BONMIN)
package (Bonami et al., 2008). Previous versions of WMOST use a linear solver.
2.5

Interoperability: Processing Inputs from Watershed Models

WMOST is designed to be compatible with any watershed model that can output time series for unit
runoff, recharge, and loadings by HRU. The WMOST Hydroprocessor is available to pre-process
output files from HSPF or SWAT (2015, 2012 versions) models into formats required for input to
WMOST. Some preprocessed models are available for retrieval over the internet directly via the
WMOST Baseline Hydrology Module. These models can also be explored interactively via EPA’s
Estuary Data Mapper application (www.epa.gov/edm ).
3

CASE STUDY

WMOST v3 is being applied to the 67 km 2 Cabin John Creek watershed in Montgomery County, MD,
USA to provide guidance on cost-effective strategies for agencies with similar watershed settings and
management goals within the state. Cabin John Creek (CJC) is a highly urbanized watershed which
is subject both to a local Total Maximum Daily Load (TMDL) requirement for CJC requiring 20.7%
reductions in sediment loadings from urban sources and to Chesapeake Bay TMDL requirements to
reduce CJC contributions to downstream loads of total N by 5% and of total P by 4% (from 2014
conditions). Water supplies and wastewater treatment are both provided through interbasin transfers
to and from the CJC watershed, so no flow targets are considered for this case study.
WMOST v3 was populated with runoff, recharge and loading time series from the Chesapeake Bay
Watershed Model (beta 6.3). Time series were modified to partition HRUs by hydrologic soil groups
A/B and C/D, then aggregated to create 10 merged pervious/impervious HRUs. HRUs were defined
by a combination of land-use (open water, natural land-cover, or turfgrass/developed), soil type
(hydrologic group A/B or C/D) and ownership (Montgomery County, city of Rockville, MD State
Highway Administration, and other regulated). Management decision variables included level of
implementation of seven different stormwater controls (grey: extended dry detention basins, green:
bioretention basins, sand filter with underdrain (U/D), biofiltration with U/D, infiltration basin, porous
pavement with U/D, and wet pond), riparian zone restoration, and other practices (urban nutrient
management, outfall improvements, stream restoration, and street sweeping). Capital costs for
management practices were obtained from the relevant management agencies and SUSTAIN default
values were used for operation and maintenance costs.
Preliminary results are provided in Table 1 for a representative wet year (2003) for three WMOST
optimization scenarios. Each scenario has different decision variable options: 1) the seven
stormwater BMPs, 2) riparian buffers, or 3) a mixture of the two. In scenario 3, riparian buffer
treatments represented the least cost solutions for TN or TP load reductions overall. If only
stormwater BMPs were considered (scenario 1), then wet ponds represented the least-cost solutions.
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For total suspended solids, the least cost solution consisted of a combination of riparian buffer
restoration and wet pond implementation; implementation of riparian buffers alone produced no
feasible solution (Table 1).
Table 1. WMOST v3 optimization runs for 20% TSS load reductions in Cabin John Creek (simulating
2003 wet year hydrology and loads)
WMOST run
(optimization scenario)
0. Baseline
1. 7 Stormwater BMPs
2. Riparian buffer
3. BMPs + riparian
buffer

4

TSS
load
(106 kg)
7.35
5.90
infeasible
5.90

Riparian
buffer
restored (acres)
----infeasible
209 (wet pond)

Added
area
treated (acres)
--1436
infeasible
195 (wet pond)

Total
cost
($M/yr)
47.9
63.6
infeasible
51.4

CONCLUSIONS AND RECOMMENDATIONS

WMOST v3 provides a user-friendly interface for choosing the most cost-effective management
practices within an integrated water resource management framework. WMOST is based on simple
water and mass balance model principles but provides users access to and leverages results from
more powerful watershed models and tools such as HSPF, SWAT, SWMM, SUSTAIN, and HAZUS
and the online optimization system, NEOS. Intended users include utility managers, municipal
planners, consultants, and watershed managers, among others.
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